ABSTRACT Activation of chicken globin gene transcription has been demonstrated in chicken erythrocyte-rat L6 myoblast heterokaryons. The globin mRNA is polyadenylylated and is translated into adult chicken aAk, a'-, and f-globin polypeptides. No fetal globin mRNA or globin polypeptides were detected. Heterokaryons between chicken erythrocytes and mouse neuroblastoma cells or hamster BHK cells also synthesized adult chicken globins.
The avian erythrocyte nucleus is retained in a transcriptionally inactive state during terminal erythropoiesis. These nuclei, however, undergo reactivation in heterokaryons after cell fusion with transcriptionally active cells (1) (2) (3) . During reactivation the erythrocyte nucleus increases in size, undergoes chromatin dispersion, resumes RNA synthesis, develops a nucleolus, and replicates its DNA. The reactivation is paralleled by an uptake ofmammalian nucleospecific proteins (4, 5) . It is not clear, however, if the molecules that accumulate in the erythrocyte nucleus will determine the pattern of gene activation. Increased levels of constitutive chicken gene products, including surface antigens (6) , hypoxanthine phosphoribosyltransferase (7) , and rRNA (8) , have been demonstrated in heterokaryons. However, on the basis of59Fe incorporation studies, hemoglobin synthesis was not initiated in these heterokaryons (2) . This does not exclude the possibility that synthesis ofglobin polypeptides occurs in the absence of heme synthesis.
The aim of the present investigation has been to reexamine whether chicken erythrocyte nuclei reactivated in different cytoplasmic environments express markers characteristic of erythroid differentiation or undergo some form ofreprogramming. As a first step we have examined heterokaryons for synthesis of globin mRNA and globin polypeptides. To extend the lifespan ofthe heterokaryons and to allow for a more complete reactivation of the erythrocytes we have suppressed DNA replication and mitosis by treating the mammalian parental cells with mitomycin C prior to fusion.
MATERIALS AND METHODS
Cell Cultures. L6J1 is a subclone of Yaffe's L6 rat myoblast line (9) isolated in our laboratory (10) . NA is a hypoxanthine phosphoribosyltransferase-deficient subline of mouse C1300 neuroblastoma (11) . BHK is an established hamster cell line (12) . L6J1, NA, and BHK cell lines were cultivated in Dulbecco's modified Eagle's medium supplemented with 10% calf serum. All cells were mycoplasma free as judged by staining with Hoechst 33258 (13) .
CeG Fusion. Cells were seeded at a density of approximately 5 X 104 cells per cm' in 5-or 9-cm-diameter Petri dishes containing small coverslips and treated with mitomycin C at 0.2 ,ug/ml for 16 hr prior to fusion. Cell monolayers were then washed extensively and fused with chicken erythrocytes by using inactivated Sendai virus as described (5), except that the incubation was extended to 16 hr at 37°C. Excess erythrocytes were then removed by washing with phosphate-buffered saline and coverslips were stained with May-Grunewald/Giemsa stain and scored for fusion. In most experiments, between 50 and 100 erythrocyte nuclei were introduced per 100 mammalian cell nuclei.
Immunoprecipitation and Gel Electrophoresis. Heterokaryons in 5-cm-diameter dishes were labeled overnight with
[35S]methionine (Radiochemical Centre, Amersham; 1 Ci = 3.7 X 1010 becquerels) at 20-40 ,uCi/ml at various times after-fusion. At the end of the labeling period, the cells were washed with phosphate-buffered saline, scraped from the plates, and pelleted. Excess phosphate-buffered saline was aspirated and 0.3 ml of extraction buffer [50 mM Tris-HCl (pH 8.0)/0.5% Nonidet P40/5 mM EDTA/0.6 M NaCVl1 mM phenylmethylsulfonyl floride] was added.
After 10-min incubation on ice, the extract was clarified by centrifugation. An aliquot was removed for determination of total trichloroacetic acid-in-soluble radioactivity in the lysate. The extract was incubated for 2 hr at 40C with rabbit antiserum to chicken hemoglobin (Capell, Cochranville, PA) coupled to staphylococcal protein A-Sepharose beads (Pharmacia, Uppsala, Sweden). After binding, the beads were washed four times with 50 mM Tris-HCl (pH 7.4)/1% Nonidet P40/5% sucrose/ 0.5 M NaCl/ 5 mM EDTA and once with 20 mM Tris-HCl (pH7.4)/10 mM NaCl and then lyophilized. Polypeptides were eluted with 60 mM Tris-HCl (pH 6.8)/2.3% NaDodSOd5% (vol/vol) 2-mercaptoethanol/10% (vol/vol) glycerol and separated by NaDodSO4/polyacrylamide gel electrophoresis (14) . Alternatively, globins were eluted with 4 M urea/5% (vol/vol) acetic acid/5% (vol/vol) 2-mercaptoethanol and separated by two-dimensional gel electrophoresis using acid urea/0.6% Triton X-100 polyacrylamide gels (15) in the first dimension and NaDodSO4/polyacrylamide gel electrophoresis in the second.
The gels were fluorographed with EN3HANCE (New England Nuclear) and exposed to Kodak X-Omat R film at -70°C.
Blotting of RNA and Hybridization. RNA was extracted from 10 9-cm-diameter heterokaryon cultures with phenol at 65°C (16 (17) and separated on 1.5% agarose gels using 10 graphed at -700C, using Kodak X-Omat R film and Du Pont Lightning Plus intensifying screens. The adult a-globin (a-14) and the fetal /&globin (p2-H2) chicken genomic inserts in pBR322 (20) were generously provided by H. Weintraub. Recombinant DNA was handled in accordance with the Swedish guidelines for recombinant DNA research. RESULTS Reactivation of Chicken Erythrocyte Nuclei in Mitomycin C-Arrested Heterokarm-ons. In order to permit reactivation of the erythrocyte nucleus in the neterokaryons for a '-to 2-week period, mitotic division of the heterokaryon population was inhibited. The mammalian parental cells were treated with mitomycin C at 0.2 Ag/ml for 16 hr prior to fusion with chicken erythrocytes. Heterokaryons can be maintained in vitro for 3 weeks with this procedure. The mitomycin C-treated parental cells supported reactivation of the erythrocyte nuclei as demonstrated by increases in nuclear size, incorporation of [3H]uridine, and formation of nucleoli (Fig. 1) .
Characterization of Embryonic and Adult Erythrocytes. Primitive erythrocytes from young chicken embryos ('5 days) synthesize fetal globin chains (predominantly ir and p globins). At 5-6 days, hemoglobin switching occurs, leading to the synthesis ofadult (aA, aD, and ) globin chains (21) . In the present studies we used erythrocytes containing adult globins. These were obtained either from 12-to 17-day embryos or from adult roosters. Although both embryonic and adult erythrocytes have inactive, highly condensed nuclei, the embryonic erythrocytes reactivate to a greater extent than adult erythrocytes as evaluated by nucleolar formation and incorporation of [3H]uridine * after reactivation, it was necessary to use adult erythrocytes because these lack detectable endogenous mRNA. Adult erythrocytes were fused with mitomycin C-treated L6J1 myoblasts. RNA isolated from heterokaryons 1 day after fusion did not contain significant levels of globin mRNA (Fig. 3, lane 1 ). In contrast, 9S globin mRNA was detected in the heterokaryons at 10 days after fusion, when the erythrocytes were reactivated (Fig.  3, lane 2) . We therefore conclude that chicken globin mRNA synthesis has been initiated in the heterokaryons. The heterokaryon globin mRNA is retained on an oligo(dT)-cellulose column and is thus presumed to be polyadenylylated. RNA preparations from reactivated heterokaryons were also hybridized to a nick-translated fetal f3-globin probe. There was no detectable hybridization to this probe. RNA from 7-day embryonic erythrocytes hybridized strongly, indicating that the probe detects fetal 83-globin sequences. Synthesis of Globin Polypeptides in Heterokaryons. The translation products of globin mRNA were analyzed by immunoprecipitation of[3S]methionine-labeled L6J1 heterokaryons followed by gel electrophoresis and fluorography (Fig. 4 Upper). Lanes 1-4 represent immunoprecipitates of heterokaryons formed with adult erythrocytes. Globin synthesis was insignificant at 2 and 5 days after fusion (lanes 1 and 2), whereas after 11 days it was apparent (lane 3 (Fig. 4 Lower). However, these cell types consistently supported less globin synthesis than the myoblast-erythrocyte heterokaryons.
Globin Chain Analysis. Immunoprecipitated globins were analyzed by two-dimensional gel electrophoresis to determine the pattern ofchicken globin chain synthesis during erythrocyte reactivation. Because fetal chicken globin vT lacks methionine residues (22) , heterokaryons were labeled with ['4C]leucine. Globin polypeptides from reactivated rat myoblast heterokaryons comigrated with aA, aD, and 8 adult chicken globins (Fig.  5) . Synthesis be pointed out that prior to these changes mitomycin C-treated L6J1 parental cells incorporate [3H]leucine to a similar extent as non-mitomycin-C-treated cells. Under appropriate growth conditions, they also retain the ability to form myotubes (unpublished observations).
Translation of globin mRNA was apparent in heterokaryons derived from three distinct mammalian cell types, demonstrating that globin gene activation was not limited to a specific cell type. However, the rat L6 myoblast cell line consistently supported more globin mRNA and polypeptide synthesis than did the other two cell lines. We do not yet know if chicken genes generally are expressed at a higher level in myoblast heterokaryons. If not, the differential globin synthesis might reflect a regulatory phenomenon. It is important to note that only about 0.1% of total incorporated radioactivity in the chicken erythrocyte-myoblast heterokaryons were chicken globin polypeptides. The low levels and kinetics of globin expression could explain previous failures to detect reactivation of hemoglobin synthesis in chicken erythrocyte-mammalian heterokaryons (2) . It has previously been observed that the chicken erythrocyte nucleus contributes little to the synthesis ofproteins and mature rRNA in heterokaryons. Thus, chicken hypoxanthine phosphoribosyltransferase activity (23) and rRNA (8) expressed in heterokaryons at 5-9 days after fusion was only 1-5% of the corresponding mammalian marker. The low synthesis of globin may nevertheless represent a substantial portion of the chicken polypeptides expressed during reactivation.
In adult erythrocytes the ratio between aA-and aD-globin chains is about 3:1 (21) . This ratio appears to be shifted in favor ofaA-globin in the heterokaryons. The significance of this is not clear. We were unable to detect transcription or translation of the fetal globin genes. Fetal globin mRNA was not detected during the period of maximal reactivation and, although the anti-hemoglobin serum precipitates fetal hemoglobin from 5-day erythrocytes (not shown), immunoprecipitates from heterokaryons failed to reveal fetal globin chains. Therefore, while it is possible that limited transcription and translation of fetal globin genes may occur, reactivation of erythrocytes containing adult hemoglobin results primarily in the synthesis of adult globin polypeptides.
The expression of globin genes has been investigated in mononucleated hybrids involving murine erythroleukemia (MEL) cells after cell fusion and selection (24) (25) (26) (27) (28) (29) (30) (31) . The mechanisms involved in globin gene activation are complex: some MEL hybrid clones retain and others lose the ability to express globin genes. Factors including chromosomal loss, retention of the X chromosome from the non-MEL parental cell (25) , and growth in suspension or as a monolayer significantly influence globin gene expression (31) .
There are several advantages ofstudying heterokaryons compared to hybrid clones. First, hybrid clones often lose chromosomes and the observed hybrid phenotype could be a result of lost structural or regulatory genes. Second, by studying the immediate fusion products, the analysis is not restricted to clones that are able to grow well and survive selective media. Finally, it is possible to isolate the chicken nuclei from chicken erythrocyte heterokaryons by sucrose gradient centrifugation (32) . This permits the analysis ofwhich molecules ofmammalian origin accumulate in the chicken nucleus.
The results of the present study clearly demonstrate that erythrocyte nuclei upon reactivation are capable ofreexpressing the predominant marker of the erythroid phenotype. It remains to be determined to what extent other erythroid and nonerythroid genes are expressed after reactivation in heterokaryons. The ability to introduce chicken erythrocyte nuclei into various differentiated mammalian cell types may contribute to an understanding of the role of cytoplasmic and nuclear signals in determining chicken gene expression.
